Abstract The notion of a shallow northern sourced intermediate water mass is a well evidenced feature of the Atlantic circulation scheme of the Last Glacial Maximum (LGM). However, recent observations from stable carbon isotopes (δ 13 C) at the Corner Rise in the deep northwest Atlantic suggested a significant contribution of a Northern Component Water mass to the abyssal northwest Atlantic basin that has not been described before. Here we test the hypothesis of this northern sourced water mass underlying the southern sourced glacial Antarctic Bottom Water by measuring the authigenic neodymium (Nd) isotopic composition from the same sediments from 5,010-m water depth. Neodymium isotopes act as a semiconservative water mass tracer capable of distinguishing between Northern and Southern Component Waters at the northwest Atlantic. Our new Nd isotopic record resolves various water mass changes from the LGM to the early Holocene in agreement with existing Nd-based reconstructions from across the west Atlantic Ocean. Especially pronounced are the Younger Dryas and Bølling-Allerød with unprecedented changes in the Nd isotopic composition. For the LGM we found Nd isotopic evidence for a northern sourced water mass contributing to abyssal depths, thus being in agreement with previous δ 13 C data from Corner Rise. Overall, however, the deep northwest Atlantic was still dominated by southern sourced water, since we found signatures that are intermediate between northern and southern end member compositions. Furthermore, this new record indicates that C and Nd isotopes were partly decoupled, pointing to nonconservative behavior of one or more likely of both water mass proxies during the LGM.
Introduction
The main features and reorganizations of Atlantic Meridional Overturning Circulation (AMOC) modes are moderately well understood for the past 25,000 years (Curry & Oppo, 2005; Lippold et al., 2016; McManus et al., 2004; Roberts et al., 2010) . However, the exact distribution and propagation of participating water masses during key (de)glacial intervals is less well resolved. The modern deep water circulation in the North Atlantic is characterized by two main constituents. In the Nordic Seas and the Labrador Sea deep convection produces dense water masses flowing southward, mixing and thereby forming North Atlantic Deep Water (NADW). Its southern counterpart, Antarctic Bottom Water (AABW), is denser and occupies most of the deep southwestern Atlantic but can be identified in the abyssal North Atlantic even up to 45°N (Schmitz, 1996) . Compared to the modern configuration, the Atlantic water mass distribution and circulation was vastly different during the Last Glacial Maximum (LGM) and Heinrich ice rafting events HE2 and HE1 (e.g., Roberts et al., 2010; Sarnthein et al., 1994) . Sea ice cover and stratification shifted the area of northern deep water formation southward (Duplessy et al., 1980) . Furthermore, a shoaled NADW circulation cell, often referred to as Glacial North Atlantic Intermediate Water (Boyle & Keigwin, 1987) , was accompanied by an enhanced northward penetration of Southern Component Water (SCW) below (e.g., Adkins, 2013) . On the other hand, Keigwin and Swift (2017) recently presented radiocarbon as well as stable carbon isotopic data suggesting the presence of northern sourced water in the abyssal (below 4,500-m water depth) NW Atlantic basin into glacial SCW during the LGM admixed. The presence of deep glacial Northern Component Water (NCW) in the abyssal North Atlantic was also indirectly inferred from a compilation of neodymium (Nd) isotope data from sediment cores that were shallower than the one used by Keigwin and Swift (2017) and this study (Howe, Piotrowski, Noble, et al., 2016) . The latter study, however, proposed that NCW was admixed into SCW below 2,500-m water depth, leading to a decreasing contribution of NCW with depth.
In order to critically evaluate the suggested presence of the enigmatic abyssal NCW during the LGM, we present a high-resolution Nd isotope record from Corner Rise (CR) core KNR197/10 GGC17 (36°24.3 0 N, 48°32.4 0 W)
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from the deep NW Atlantic (5,010 m), extracted from authigenic sedimentary Fe-Mn oxyhydroxides. Owing to its position, this site is sensitive to track the existence of the proposed Glacial Northwest Atlantic Bottom Water. In combination with its average to high sedimentation rates (5-10 up to 40 cm/kyear during the Younger Dryas, YD, period) as well as surprisingly good preservation of foraminifera (Keigwin & Swift, 2017) this location is perfectly suited for abyssal bottom water mass reconstructions. Comparison of Nd isotopes with recent δ 13 C and Δ 14 C from the very same core (Keigwin & Swift, 2017) allows us an improved assessment of the origin and mixing proportion of the local bottom water masses, and the potentially variable degree of remineralization at the core site. Given that the same sediment material is used here, any chronological issues and offsets between the δ 13 C record by Keigwin and Swift (2017) and the new Nd isotope record can be excluded.
Nd Isotopes as a Proxy for Water Mass Provenance
Even though the stable carbon isotope composition (δ 13 C) of seawater and benthic foraminifera is a wellestablished and commonly used paleoceanographic proxy (e.g., Curry & Oppo, 2005; Sarnthein et al., 1994) , effects such as remineralization, air-sea gas exchange, or changes in the export productivity can complicate the interpretation of these data. For instance, an increase in export productivity or a more sluggish AMOC have the potential to decrease the ambient deep water dissolved δ 13 C significantly and therefore need to be considered carefully in evaluating δ 13 C data (Gebbie, 2014) . In comparison, the neodymium isotope proxy is independent of biological and gas exchange processes (Frank, 2002; Goldstein & Hemming, 2003; Vance et al., 2004) . However, the mostly unknown mechanisms, magnitude and geographic variability of boundary exchange, a process where Nd is exchanged between particulate and dissolved phases along continental margins (Jeandel, 2016; Lacan & Jeandel, 2005a) and mismatches between filtered and unfiltered seawater data (e.g., Lambelet et al., 2016 , versus Piepgras & Wasserburg, 1987 , make the interpretation of Nd isotope signatures similarly challenging as stable carbon isotope data. The combination of these two proxies, however, presents a well-suited approach to unravel marine carbon cycle-related processes and boundary exchange from changes in water mass provenance.
In the deep Atlantic, Nd has an oceanic residence time of 350-500 years and is thus considered a quasiconservative tracer of water masses (Tachikawa et al., 2003) . The main sources of dissolved Nd to the oceans are riverine continental input and boundary exchange along the margins (Frank, 2002; Lacan & Jeandel, 2005a; Rempfer et al., 2011) . Highly diverse crustal formation ages (Archean formations in North America versus young rocks on Iceland) result in a large range of circum-North Atlantic Nd isotopic signatures. This feature produces well resolvable differences in εNd values (relative deviation of the sample 143 Nd/ 144 Nd ratio normalized to the Chondritic Uniform Reservoir in parts per ten thousand) of all involved modern water masses, allowing the identification of mixing processes and water mass provenance (Lacan & Jeandel, 2005b; Lambelet et al., 2016) . The northern NADW can be divided into three layers, namely, upper, middle, and lower NADW with different source regions. Due to the relevance to this study only lower NADW (or Northwest Atlantic Bottom Water, NWABW) will be described ( Figure 1 ). Its main contribution comes from Denmark Strait Overflow Water, which is the densest water mass formed in the North Atlantic today. In terms of εNd this water mass is rather radiogenic with a modern end member of around εNd = À8.4 ± 1.4 (Lacan & Jeandel, 2004) . Mixing with unradiogenic Labrador Sea Water (LSW; εNd = À14.2 ± 0.3, Lambelet et al., 2016) and Subpolar Mode Water (À13 to À15, Lacan & Jeandel, 2004) it forms NWABW in the subpolar North Atlantic. At around 50°N and 30°N, western Lower Deep Water (originated from modified AABW, εNd = À12.5 ± 0.4, Lacan & Jeandel, 2005b) further contributes to NWABW (Schmitz, 1996) . Due to the mixing of these various water masses, NWABW gradually changes its isotopic composition from around À11 southeast of Greenland to À12.4 after leaving the Labrador Sea (Lacan & Jeandel, 2005b; Lambelet et al., 2016) .
Further, boundary exchange possibly contributes to this εNd shift of NWABW in the Labrador Sea (Lacan & Jeandel, 2005a; van de Flierdt et al., 2016) .
The main constituent of SCW is AABW, which is characterized by low temperatures, high nutrient concentrations and low salinity (Rijkenberg et al., 2014) . Its present-day Southern Ocean εNd value of about À8.5 is modified on its northward flow and detectable up to 45°N where modified AABW exhibits an εNd value of À12.2 after mixing continuously with the more unradiogenic overlaying NADW . In terms of water masses, site KNR197/10 is currently situated near the interface between modified AABW and NWABW (Schmitz, 1996) .
Materials and Methods

Sediment Cores
Sediment core KNR197/10 GGC17 (36°24.3 0 N, 48°32.4 0 W) was retrieved from the CR in the deep northwest
Atlantic from a water depth of 5,010 m ( Figure 1 ). The general sediment composition is described in Keigwin and Swift (2017) and consists mainly of greenish clay with nannofossil beds. Core chronology was established via 11 AMS 14 C datings (corrected with a constant 400 year reservoir age) on the planktonic foraminifera Globorotalia inflata with linear interpolation assuming the core top to be zero age (Keigwin & Swift, 2017) covering the last 25 ka. Sedimentation rates range from 5 to 10 cm/ka in the Holocene and LGM sections and up to 40 and 23 cm/ka during the YD and late glacial, respectively (Figure 2d ). XRD and magnetic susceptibility measurements were performed on GGC17 to investigate the mineralogic composition (Figures S1-S3 in the supporting information). Furthermore, three sediment cores from Blake Ridge (31°N, Figure 1 . Map of phosphate concentration at 4,500-m water depth (World Ocean Atlas 2013; Garcia et al., 2014) with modern deep water currents (northern sourced water masses in blue and southern sourced in red). NWABW forms by combining Subpolar Mode Water, LSW, and DSOW (depleted in phosphate). It is further modified by Lower Deep Water at 50°N (Schmitz, 1996) . AABW enters the NW Atlantic basin from the south (enriched in phosphate). Core locations at CR (KNR197/10 GGC17, 36°24 0 N, 48°32 0 W, 5,010 m, this study), Bermuda Rise (ODP 1063, 33°41 0 N, 57°37 0 W, 4,584 m, Böhm et al., 2015; Gutjahr & Lippold, 2011; OCE326-GGC5, 33°42 0 N, 57°35 0 W, 4,550 m, McManus et al., 2004; OCE326-GGC6, 33°41 0 N, 57°35 0 W, 4,541 m, Roberts et al., 2010) , Blake Ridge (ODP 1059-1061,~30°N,~74°W, 3,000-4,000 m, this study), IODP U1313 (41°00 0 N, 32°58 0 W, Lippold et al., 2016) , and SU90-03 (40°05 0 N, 32°00 0 W, Howe, Piotrowski, Noble, et al., 2016) are depicted as green triangle, gray circle, and blue squares/triangle, respectively. DSOW = Denmark Strait Overflow Water; LSW = Labrador Sea Water; NWABW = North West Atlantic Bottom Water; AABW = Antarctic Bottom Water; CR = Corner Rise. 75°W; Grützner et al., 2002) forming a depth transect and IODP Site U1313 Naafs et al., 2013) were sampled for the LGM and deglacial, respectively (Figure 1 and detailed description in Table S1 ).
In addition, δ 13 C of Cibicidoides is reported here from core Atlantis II (AII) 107 22GGC (54°48 0 S, 03°20 0 W, 2,768 m) from the LGM section for an improved glacial SCW end member δ 13 C estimation (Table S2 ; Keigwin & Boyle, 1989) .
Analytical Procedures
The past bottom water Nd isotopic composition can be recovered from biogenic material (Palmer, 1985; Roberts et al., 2010; van de Flierdt et al., 2010) or from authigenic sedimentary phases Frank, 2002; Piotrowski et al., 2012; Wilson et al., 2013) . In the latter case, Nd is incorporated into authigenic Fe-Mn oxyhydroxides precipitated onto particles at the sediment-water interface, preserving the bottom water Nd isotopic signature (Haley et al., 2004) . Here the extraction of the authigenic Nd fraction of the bulk sediment was carried out following the procedure of Blaser et al. (2016) . Dried and ground sediment was leached at room temperature for about 1 hr with 0.005 M hydroxylamine hydrochloride-0.003 M EDTA-1.5% (v/v) acetic acid-0.1% (v/v) ammonia (for buffering to pH = 4) in a shaker. After centrifugation, the supernatant was transferred to Teflon vials and further processed by a two-step column chromatography following the protocols of Cohen et al. (1988) and Pin et al. (1994) . Blaser et al. (2016) have shown that leaching with such a weak acidreductive solution is well suited for northern Atlantic sediments and the extracted signal is dominated by the authigenic phases. The same study also showed that this weak leaching method reproduced the Nd isotopic composition of foraminifera even where foraminifera themselves were offset from seawater data. Furthermore, Böhm et al. (2015) reproduced leachate data with foraminifera at Nd isotope peaks as unradiogenic as À18 at the nearby Bermuda Rise, indicating that the leaching method extracts a pore water or bottom water Nd isotopic signature, not significantly influenced by the detrital fraction. The only difference to the method proposed by Blaser et al. (2016) was buffering of the leachate with a 0.1% (v/v) ammonia solution (supra pure) instead of NaOH, originally introduced by Gutjahr et al. (2007) , to avoid the introduction of excess Na to the leachate in order to simplify element concentration measurements.
Neodymium isotopes were measured on a Neptune Plus MC-ICP-MS at GEOMAR Helmholtz Centre for Ocean Research Kiel. Machine-induced mass fractionation was corrected for internally by an exponential law normalizing the raw data to 146 Nd/ 144 Nd = 0.7219. Samples were further bracketed by JNdi-1 standard solutions with Nd isotopic compositions normalized to the accepted value of 0.512115 (Tanaka et al., 2000) . A secondary standard solution measured in sequence with identical concentration of~50 ppb Nd in solution reproduced at À3.72 ± 0.15 εNd (n = 14, 2 SD). As expected, the 2 sigma external reproducibility of 0.15 ε slightly exceeded the 2 SE internal uncertainty for all samples (Table S3) . Total procedural blanks were below 83 pg and hence negligible.
Results and Discussion
Corner Rise Nd isotopic compositions extracted from authigenic Fe-Mn oxyhydroxides of bulk sediment are shown in Figure 2 in comparison with the stable carbon and oxygen isotope data from the same core (Keigwin & Swift, 2017) . During the LGM εNd values slowly increased from À12.5 to À11.6, with an average value of about À12.0. The most radiogenic εNd values were recorded during HS1 (À10.9) and are roughly 1 ε more radiogenic than the LGM values. From 5 to 15 ka the CR data clearly delineate well-defined millennial-scale changes, especially during the Bølling-Allerød (B/A), YD, and the early Holocene. In detail, the Nd isotopic compositions drop by about 5 ε during the transition from HS1 (À10.9) to the B/A (À16.4) in striking agreement with oxygen isotopic changes seen in Greenland ice cores ( Figure 3 ). The cold YD 
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Paleoceanography and Paleoclimatology period was again dominated by more radiogenic εNd values around À14. During the Holocene εNd dropped again, but this time to values as unradiogenic as À20. This early Holocene "overshoot" is a common feature in the northwest Atlantic sedimentary records (e.g., Gutjahr et al., 2008; Lippold et al., 2016; Roberts et al., 2010) but has not been reported before with such a large amplitude of ΔεNd = À9 (compared to HS1).
NW Atlantic Authigenic εNd
Comparison of the CR core top εNd value (À14.7 ± 0.2, Figure 2 ) to proximate seawater data from Piepgras and Wasserburg (1987; À13.6 ± 0. 3) and Lambelet et al. (2016; À12.7 ± 0. 2) shows a discrepancy of about 1 and 2 ε-units, respectively. The difference between these two earlier seawater studies could be accounted for by the fact that Piepgras and Wasserburg (1987) measured unfiltered seawater, while Lambelet et al. (2016) used filtered seawater. Thus, a reactive particulate phase ultimately derived from the Northeast American continent or West Greenland (εNd = À25 to À35; Jeandel et al., 2007) could have influenced the unfiltered seawater data. This hypothetical process would have further implications on the sedimentary phase, since this material possibly continued to react with pore fluids after deposition, exchanging its Nd with the authigenic phase (Abbott et al., 2016) . Pore water Nd, partly derived from detrital material, influencing the authigenic phase at the sediment-bottom water interface was also recently observed by Du et al. (2016) in the Gulf of Alaska. Since this process is proposed to be dependent on the benthic exposure time, sediments from the well-ventilated Atlantic should be less influenced by this. Nevertheless, such a benthic exchange process is a valid mechanism to produce an offset between core top and seawater signatures at CR and thus presents a potential explanation. This process could also explain a similar offset between the filtered seawater data from Lambelet et al. (2016) and the core top data at Bermuda Rise (Roberts et al., 2010) . In this context, Howe, Piotrowski, and Rennie (2016) recently argued for an abyssal origin of unradiogenic εNd in the NW Atlantic during the early Holocene, sourced from poorly weathered material deposited into the Labrador Sea (εNd = À25 to À20; Fagel et al., 1999) , which temporarily released its unradiogenic signature to bottom waters that were subsequently advected into the open NW Atlantic. The offset between nearby seawater and authigenic Nd isotope data at CR could equally be explained by such a process. Since the leaching approach is very gentle we consider the possibility of leaching artifacts (such as a dominant contribution of leached detrital Nd; e.g., Wilson et al., 2013) as highly unlikely. Besides, previous studies presenting clear evidence for leaching artifacts in this region were commonly associated with more radiogenic εNd signatures than ambient bottom water, not less such as observed here Elmore et al., 2015; Roberts et al., 2010 ; although unradiogenic imprints within the leachates from the Labrador Sea are possible; Blaser et al., 2016) . However, the abovementioned processes potentially produce an offset that is significantly smaller than the difference in εNd between NADW and pure AABW.
The CR site is clearly recording Northern Hemispheric paleoclimatic and paleoceanographic overall structure and trends as well as showing clear analogies to previous deep NW Atlantic εNd records (Böhm et al., 2015; Gutjahr & Lippold, 2011; Roberts et al., 2010, and Figure 3) . It is also noteworthy that if authigenic Nd isotopic compositions were modified in situ in parts of our record, then these extracted εNd were altered toward less radiogenic compositions, hence suggesting increased presence of NCW, while the glacial and early deglacial sections in our sediment core suggest the opposite.
In general, the CR record is consistently less radiogenic than the Bermuda Rise record (Figure 3 ), but in agreement with the abovementioned potential process of a reactive nepheloid layer of unradiogenic particles (Biscaye & Eittreim, 1977; Middag et al., 2015) . (Böhm et al., 2015; Gutjahr & Lippold, 2011; Roberts et al., 2010) and Corner Rise (this study) over the past 25 ka. The 2σ uncertainties are shown but are smaller than symbol size for the data of Gutjahr and Lippold (2011) 
Abyssal Water Masses During the LGM in the NW Atlantic
In the deep NW Atlantic, εNd ranged between À10.2 and À11.4 during the LGM (Gutjahr et al., 2008; Gutjahr & Lippold, 2011; Howe, Piotrowski, & Rennie, 2016; Roberts et al., 2010) . In terms of δ 13 C, modern NCW exhibits values of 1 to 1.3‰ while SCW is associated with lower values around 0.5‰ (Curry & Oppo, 2005) . Keigwin and Swift (2017) found δ 13 C at the CR elevated by about half a permil throughout the LGM compared to HS1 (Figure 2b ). Such isotopic differences are comparable to those between modern ocean NADW and AABW. Further comparison to shallower NW Atlantic δ 13 C records, forming a depth transect, revealed a reversal of the δ 13 C trend below 4.2 km (see Figure 3a in Keigwin and Swift (2017) and Figure 4 of this study). Below this depth the data indicate increased admixtures of higher δ 13 C water. Keigwin and Swift (2017) interpreted this as a contribution from a deep northern source. This suggestion is based on the observation that southern sourced water masses are today more depleted in 13 C. This holds most likely also for the LGM, even though the glacial southern end member is less well constrained than the northern one due to lack of data .
13
C gets further depleted by the long transit time of water masses from the south via the midlatitude North Atlantic being constantly replenished with remineralized organic matter through vertical water column supply (Gebbie, 2014) . Keigwin and Swift (2017) further excluded the Nordic Seas as a source of this NCW since the newly discovered water mass contribution was reasonably well ventilated with somewhat elevated benthic radiocarbon contents, which is in contrast to recent findings that deep water of the Nordic Seas featured extremely high 14 C ages during the LGM (Thornalley et al., 2015) . Thus, by process of elimination the Labrador Sea was identified as the only plausible origin of deep northern sourced water. Furthermore, Keigwin and Swift (2017) noted that an analogous feature was recorded by the GEOSECS mission in 1972, where NCW was detected at abyssal depth in the NW Atlantic, displacing the local modified AABW.
In the hydrographic setting of the LGM, εNd of NWABW should either have been as unradiogenic as today (À12.6, Lambelet et al., 2016) or possibly more unradiogenic due to increased influence from boundary exchange in the Labrador Sea, caused by a more sluggish deep circulation and thus longer residence times (Fagel et al., 1997 (Fagel et al., , 1999 Jeandel, 2016) . However, during the LGM the authigenic phase of the CR sediments recorded εNd values as radiogenic as À11.5. Since pure Labrador Sea sourced water should be clearly detectable by significantly less radiogenic values, as seen during the onset of the B/A (Figures 2 and 3) , we exclude the possibility of a Labrador Sea sourced water mass dominating the abyssal NW Atlantic during the LGM. No continental source is known around the northern NW Atlantic possibly imprinting such radiogenic signatures into the water mass unless unrealistically high contributions of radiogenic Icelandic Nd contributed to the abyssal glacial NADW. In fact, the only deep water masses inheriting such radiogenic values today are the Nordic Seas overflow waters and southern AABW (À8.3 and À8.0, Jeandel, 2004, and Lacan et al., 2012, respectively) . In agreement with previous studies (Böhm et al., 2015; Lippold et al., 2016; Piotrowski et al., 2008; Roberts et al., 2010) we exclude the Nordic Seas as a source area for dense bottom water during the LGM. Taking into account the southward shifted and reduced deep water formation in the Greenland Sea during the LGM, Iceland Scotland Overflow Water (ISOW), and Denmark Strait Overflow Water may have been weakened and shoaled (Fagel et al., 2002; Millo et al., 2006) . Two studies suggested persistent overflow from the GIN Seas during the LGM reporting water with relatively high εNd passing the Wyville-Thomson Ridge (Crocker et al., 2016; Crocket et al., 2010) . However, if this water mass indeed descended deep enough in the subpolar North Atlantic moving as a deep boundary current analogous to today, it would first have passed through the Labrador Sea where it would have been admixed into less radiogenic deep waters. Thus, it is unlikely that the contribution of northern overflow waters was high enough to produce the Nd isotopic signal of À11.5 at CR. Therefore, the most probable source of more radiogenic Nd at CR during the LGM is the South Atlantic. LGM depth transect of the NW Atlantic. δ 13 C data are depicted in red (Keigwin, 2004; Keigwin & Boyle, 2008; Keigwin & Swift, 2017) . Dark gray data show Bermuda Rise (Böhm et al., 2015; Gutjahr & Lippold, 2011; Roberts et al., 2010) , Blake Ridge (Gutjahr et al., 2008 , and ODP 1059 , 1060 , and 1061 from this study; see Tables S1 and S4 for description), and CR (this study). εNd values are LGM averages (18-22 ka) with 2 SD error bars.
LGM = Last Glacial Maximum; CR = Corner Rise.
However, the Nd isotopic composition at CR during the LGM neither recorded the modern signature of the southern end member of around À8.5 (Goldstein & Hemming, 2003) , nor the even more radiogenic glacial one of À6.5 (Basak et al., 2018; Skinner et al., 2013) . Thus, an unradiogenic northern component is still required to get a value of À11.5. Howe, Piotrowski, Noble, et al. (2016) calculated the fractional contribution of glacial NADW at the proximate but shallower Bermuda Rise to be at least 42%. These authors inferred that a deep glacial NADW flux, albeit much smaller than modern, propagated southward into the deep NW Atlantic during the LGM. This scenario of NCW contributing to the abyssal NW Atlantic is, not in magnitude but in sense, in agreement with the δ 13 C data of Keigwin and Swift (2017) and also the new εNd record of this study. However, whether this NCW contribution was rather confined to the deepest part of the basin or if it was admixed to the whole water column is difficult to distinguish with the current data set. The more radiogenic LGM data from Bermuda Rise and Blake Ridge (Gutjahr et al., 2008; Roberts et al., 2010 ; Figure 4 ) indicate the former, but this difference can, at least in part, also result from increased contributions of SCW bathing the more southern locations.
Further, the small but well-resolved increase of εNd during the transition from the LGM to HS1 at CR as well as at Bermuda Rise (Figures 2a and 3b , respectively) indicates a contribution from a northern sourced water mass during the LGM that is reduced during HS1. While nonconservative behavior could also explain this shift in εNd by the alteration of the authigenic Nd isotopic composition by pore water processes, two arguments can be used against it: First, the occurrence of the εNd shift at CR as well as Bermuda Rise hint to a nonlocal effect such as water mass advection. Second, Kurzweil et al. (2010) found (based on authigenic Pb isotopes) a constant weathering input signal of mature material at the Laurentian Fan during the transition from the LGM to HS1. In contrast, the Holocene was characterized by weathering of young, reactive material. Further, given that direct runoff and weathering input from NE American sources was significantly reduced (Kurzweil et al., 2010) , likely a very similar situation persisted at the proximate CR. This is also indicated by the magnetic susceptibility at CR ( Figure S1 ) which closely follows the weathering signal at the Laurentian Fan (Kurzweil et al., 2010) as well as the εNd signature at CR. This indicates a potentially significant weathering or pore water control on authigenic εNd during times of deep NADW convection. However, the lack of changes in the mineralogic composition (as seen from the XRD spectra; Figures S2 and S3 ) indicates a rather constant sediment provenance. From this we infer (if present at all) constant nonconservative effects for the LGM-HS1 transition. In addition, it is thought that during HS1 the northern deep water production was significantly weakened due to freshening of surface waters (Bradtmiller et al., 2014; McManus et al., 2004) . Thus, the contribution of AABW in the NW Atlantic should have been more pronounced, leading to elevated εNd as seen in the new record ( Figure 2a ) and as seen as minimum δ 13 C (Figure 2b ) at CR.
Northern Sourced Contribution to the Abyssal NW Atlantic During the LGM
In order to estimate the contribution of northern sourced water to the abyssal NW Atlantic during the LGM a simple two end member calculation with binary mixing was performed. Since past seawater Nd concentrations can, at present, not be reconstructed, we assumed equal concentrations for both end members. This rough but reasonable assumption is based on modern water masses occupying similar depths also having similar Nd concentrations, for the reason that the Nd concentration is in first order a function of depth (cf. Lambelet et al., 2016; Stichel et al., 2012) . During the LGM the southern εNd end member was determined to about À6.5 (Skinner et al., 2013) , and thus 2 ε-units more radiogenic than today (À8.5; Goldstein & Hemming, 2003) . In contrast, the glacial northern εNd end member is less well constrained due to lack of data. Thus, as a first approach, assuming a temporally constant northern εNd end member (À13.5, Goldstein & Hemming, 2003) for a binary mixing calculation, results in a 70% NCW contribution at CR during the LGM, which is in the range of 55-80% given by Howe, Piotrowski, Noble, et al. (2016) . The assumption of a constant northern end member, however, may not be valid, as discussed in section 3.2. During the LGM a more unradiogenic northern end member is plausible, thus, setting the 70% NCW contribution calculated beforehand as an upper limit. A more extreme yet possible northern εNd end member of À20 for instance would yield a NCW contribution of about 40%.
A similar end member calculation can be performed for δ 13 C. For the LGM the northern end member is well constrained to be about 1.5‰ (Slowey & Curry, 1995) . The southern end member is less certain but was assumed to be around À0.5‰ (Waelbroeck et al., 2011) . This À0.5‰ estimate is from South Atlantic cores mostly in the latitude band of 40°S to 50°S, and thus not necessarily representative of the Southern Ocean. In order to achieve an improved estimation we report stable isotope data on Cibicidoides wuellerstorfi from the LGM of core Atlantis II (AII) 107 22GGC, from the west flank of the Mid-Atlantic Ridge (54°48 0 S, 03°20 0 W, 2768 m water depth).
The glacial interval of this core (Keigwin & Boyle, 1989) contains common Cibicidoides wuellerstorfi, and three measurements on two samples (67 and 69 cm) give δ 13 C = À0.36 ± 0.15‰, and δ 18 O = 4.39 ± 0.23‰.
Although this LGM δ 13 C value overlaps slightly with the value of Waelbroeck et al. (2011) , it is also sufficiently greater than the CR value during HS1 that it suggests an aging effect of about~0.1‰ on the northward flowing bottom water. The differences in the Dissolved Inorganic Carbon (DIC) concentrations are neglected here, since these differences between the southern and northern sourced end members are only in the order of 10% (Broecker & Peng, 1989) and are thus smaller than the uncertainties in the εNd calculation. The NCW contribution at CR calculated from these δ 13 C end members (N: 1.5‰ and S: À0.36‰) is around 20-25% and is thus well below the upper limit (~70%) as well as the more extreme case (~40%) of the εNd calculation.
We therefore calculated possible end member combinations of the southern δ 13 C and northern εNd end members yielding the same water mass mixing proportions (Figure 5 ), assuming conservative mixing for both proxies. The most realistic assumption for southern δ 13 C and εNd end members is between À0.5‰ and À0.36‰ (Waelbroeck et al., 2011 , and this study, respectively) and À6.5 (Skinner et al., 2013) , respectively. The calculation of the corresponding northern εNd end member yields a value between À26 and <À30, which seems unrealistically low, even under the aspects discussed in section 3.2. While there are significant uncertainties in the southern δ 13 C and northern εNd end members, these results thus indicate a decoupling between both water mass proxies.
However, one might argue that the signature recorded during HS1 at CR (À10.5) is the true value of southern sourced deep water entering the abyssal NW Atlantic basin after traveling from the Southern Ocean to about 35°N. This is based on the perception that NADW production was almost eliminated during HS1 , leading to pure SCW bathing the abyssal NW Atlantic. Thus, the Nd isotopic composition of deep SCW had to be modified from À6.5 in the Southern Ocean to À10.5 in the NW Atlantic either through mixing with shallower and less radiogenic Glacial North Atlantic Intermediate Water or nonconservative processes like boundary exchange or a benthic Nd flux (e.g., Haley et al., 2017; Jeandel, 2016) in the central and southern Atlantic. To calculate the binary mixing ratio of the deepest water masses at CR, this local southern εNd end member of À10.5 seems therefore more appropriate. Combining this new end member with a constant (i.e., modern) northern εNd end member yields a NCW contribution of about 30% at CR. The lower limit, however, is again even smaller, since the northern εNd end member was possibly also less radiogenic (see section 3.2).
Assuming conservative behavior of Nd isotopes and thus modification of the southern end member by water mass mixing during the transit through the Atlantic, the southern δ 13 C end member should accordingly also be affected by the admixture of northern sourced shallow water to deep. Yet during HS1 the δ 13 C value was À0.5‰ at CR and thus the same as the lower limit of the southern end member, indicating no admixture of northern sourced water. This contradicts the notion of conservative behavior of dissolved Nd and points again to a decoupling of both water mass proxies (Howe, Piotrowski, Noble, et al., 2016) . These findings in combination with the uncertainties of the respective end members (and in case of Nd isotopes the unknown concentrations within paleo water masses) strongly limit the quantitative significance of mixing calculations. Yet although these calculations do not allow for an exact quantification of the exact water mass proportions, we can still infer from the δ 13 C and εNd data that a nonzero proportion of northern sourced water contributed to the abyssal NW Atlantic during the LGM. . End member combinations of δ 13 C and εNd that result in the same mixing proportion of northern and southern sourced water masses at Corner Rise during the Last Glacial Maximum, thus assuming quasi-conservative behavior of both proxies without decoupling. The northern δ
13
C end member was fixed to 1.5‰ based on Slowey and Curry (1995) . The southern εNd end member was varied from À6.5 (blue, proposed by Skinner et al., 2013) , to À8.5 (green, modern value, Goldstein & Hemming, 2003) and À10.5 (red, HS1 value of Corner Rise, see text for explanation). Waelbroeck et al. (2011) estimated the southern δ 13 C end member to be around À0.5‰
(black horizontal dashed line). New data from this study suggest a higher value of À0.36‰ (red horizontal dashed line). Under the assumption of conservative mixing, the equivalent northern εNd end member of the latter southern δ
C end member and southern εNd end member of À6.5, À8.5, and À10.5 is <À30, À24, and À15.5, respectively.
Water Mass Changes During the Deglaciation
The transition from HS1 to B/A at CR is characterized by an extremely sharp decrease in εNd of about 5 units, implying a rapid water mass change from SCW to NCW. This is consistent with a strengthened and/or deeper northern deep water production during the B/A Thiagarajan et al., 2014) . The εNd data from Bermuda Rise (Böhm et al., 2015; Gutjahr & Lippold, 2011; Roberts et al., 2010) corroborate this deep water mass change but with a smaller amplitude of only about ΔεNd = À3 (Figure 3 ). This discrepancy could imply either more unradiogenic material being transported to abyssal depth at the CR site (enhancing the pore water effect discussed in section 3.1) or a depth dependent and regionally variable NCW contribution. The latter infers that the strengthened deep water formation produced an unradiogenic bottom water that was mixed upward and diluted while propagating southward. Such an effect is further supported by the shallower cores IODP U1313 (3,428 m; Lippold et al., 2016 , and this study) and SU90-03 (2,480 m; Howe, Piotrowski, & Rennie, 2016 ) that did not record such a B/A excursion ( Figure 6 ).
Following the B/A, another water mass change was recorded at CR during the YD. A radiogenic excursion of ΔεNd = +2.5 indicates a return of increasing influence of southern sourced water and decreasing contributions from the Labrador Sea-derived signal. This increased contribution of southern water mass was present only for about 2 ka, in agreement with reduced northern deep water production during the YD . Again, similar to changes at the onset of the B/A, the YD event is also recorded in the Bermuda Rise data. Even though the change in amplitude is the same for both locations the Bermuda Rise data maintain their offset toward more radiogenic values, suggesting a consistently greater contribution of SCW at this shallower site and greater northern sourced contribution at the deeper site.
Implications of a Strong Holocene εNd Gradient
The Holocene AMOC circulation is thought to have been relatively stable compared to the changes of the deglaciation (Keigwin & Boyle, 2000) . Recent findings of, for example, Howe, Piotrowski, and Rennie (2016) , Lippold et al. (2016) , and Roberts et al. (2010) show unexpected variations in records of NW Atlantic Nd isotopic composition of seawater for the early to mid-Holocene close to the 8.2-ka event (Alley et al., 1997) . These unradiogenic excursions are either interpreted as enhanced LSW production Roberts et al., 2010) or as poorly chemically weathered detrital material deposited in the Labrador Sea as a pulse after Laurentide Ice Sheet retreat (Howe, Piotrowski, & Rennie, 2016) .
While the timing of the 8.2-ka event matches the maximum of εNd variation in our record, we cannot directly link these two events with sufficient certainty since the age model is not well enough constrained during the Holocene (Figure 2) . To explain the large amplitude of ΔεNd = À9 (compared to HS1) solely by a water mass change is unrealistic, because climatic variations during the early to mid-Holocene were smaller compared with the preceding deglacial major climate transitions and because it is unrealistic that the resulting εNd gradient between CR and Bermuda Rise is generated by water mass advection and mixing (Figure 3) . Furthermore, a signal of εNd = À20 is not achievable even with pure modern-like LSW . Thus, additional mechanisms, such as a pulse of detrital input described by Howe, Piotrowski, and Rennie (2016) , must have played a significant role. Howe, Piotrowski, and Rennie (2016) suggested that this event produced an unradiogenic pulse propagating southward at abyssal depth. While attenuating through mixing with more radiogenic shallower water masses, such a process is capable to explain the offset between Bermuda Rise and the new CR εNd record. However, the stark Nd isotopic difference between the two sites during the early Holocene also suggests that such a process represents a strongly localized feature around the Labrador Sea (distance CR to Bermuda Rise: <460 nautical miles; Keigwin & Swift, 2017) .
The gradual increase following this extreme excursion however indicates a rather smooth change in bottom water conditions which is thus not in agreement with a strong but singular unradiogenic pulse. Further, records from the whole NW Atlantic showing this gradual increase (Gutjahr et al., 2008; Lippold et al., 2016; Roberts et al., 2010) indicate a large-scale effect in contrast to the strongly localized pulse proposed by Howe, Piotrowski, and Rennie (2016) , most likely related to postglacial chemical weathering and runoff effects in northeastern parts of North America bordering the NW Atlantic (cf. Kurzweil et al., 2010) . Hence, the combination of two different processes may be responsible for the evolution of the εNd signatures of the local bottom water during the Holocene. In addition to the abovementioned localized process a northern end member change that occurred most pronounced in the bottom water masses may be responsible for the less rapid changes. In this context, we note that Wilson et al. (2014) also proposed end member changes of intermediate northern sourced water. We speculate that such an end member change could have been realized by continuously decreasing contributions of reactive sediment by boundary exchange upstream the CR throughout the Holocene. In this scenario chemically poorly weathered detrital material deposited into the source regions of NWABW is buried underneath chemically more mature terrigenous material that was less reactive after deposition on the seafloor. (Chapman & Shackleton, 1998; Howe, Piotrowski, & Rennie, 2016) , (b) IODP U1313 (Lang et al., 2016; Lippold et al., 2016; Naafs et al., 2013 ; this study), (c) Bermuda Rise (Böhm et al., 2015; Gutjahr & Lippold, 2011; Keigwin & Boyle, 2000; Roberts et al., 2010) , and (d) Corner Rise (this study; Keigwin & Swift, 2017) . Note the reversed scales for εNd. Vertical bars indicate the time ranges of the LGM, HS1, B/A, and YD (same as Figures 2 and 3) . LGM = Last Glacial Maximum; B/A = Bølling-Allerød; YD = Younger Dryas.
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It is difficult to fully explain the Holocene variations in our εNd record from CR by one mechanism alone. We therefore propose an interplay of all three abovementioned processes of a water mass change, a detrital input into the Labrador Sea as described by Howe, Piotrowski, and Rennie (2016) , and a gradual end member change of NWABW. While we are confident that the early Holocene shift after the YD toward less radiogenic signatures was dominated by the water mass change toward more NCW, the signal was most likely intensified by release of poorly chemically weathered detrital material (Howe, Piotrowski, & Rennie, 2016 ). It appears that the extreme excursion around 8 ka began at the end of the YD and culminated at the melt water pulse of the 8.2-ka event with the associated increased deposition of very unradiogenic poorly weathered detrital material (Alley et al., 1997; Howe, Piotrowski, & Rennie, 2016) .The subsequent trend toward modern εNd values (from 7 to 2 ka) was either influenced by an end member change of NWABW or a successively decreasing contribution of reactive lithogenic material from the Labrador Sea within NWABW. Yet the resolvable εNd offset between core top and filtered seawater compositions today (see section 3.1) suggests that the process of reactive sediment deposition is still active today, albeit at significantly diminished magnitude. Future investigations upstream of the Labrador Sea may help to disentangle these processes affecting the Nd isotopic composition of lower NADW.
Conclusions
Neodymium isotopic data from the abyssal CR recorded several bottom water mass changes throughout the last 25 ka. Most obvious changes took place during the transitions from HS1 to B/A and from the YD to the Holocene, during which a "classical" displacement of SCW by NADW is observed (Gutjahr et al., 2008; Lippold et al., 2016; Piotrowski et al., 2005; Roberts et al., 2010; Sarnthein et al., 1994) . The most extreme unradiogenic εNd signatures at the onset of the Holocene, however, were most likely influenced by a gradual end member change of NWABW and/or a pulse of poorly weathered detrital material (Howe, Piotrowski, & Rennie, 2016) . The comparison of the CR data to the deglacial Bermuda Rise record (Roberts et al., 2010 ) reveals εNd and δ 13 C changes, and thus most probable water mass changes, being most pronounced in the abyssal depth, attenuated upward.
In accordance with previous stable carbon isotope data (Keigwin & Swift, 2017 ) the Nd isotope record of CR suggests a distinct proportion of NCW contributing to the deepest water masses of the NW Atlantic during the LGM. A simple binary mixing model based on our new Nd isotopes data and the assumption of a fixed NCW εNd end member leads to an estimated NCW contribution to about 70%. This is in strong contrast to the 25% to 30% from the corresponding δ 13 C end member calculation and indicates either potential εNd end member changes or partial decoupling and thus nonconservative behavior of one or both water mass proxies. Considering a likely Nd end member change and combining the end member calculations of δ 13 C and εNd an estimated NCW contribution gives a lower limit of about 30%.
To reduce the uncertainty, the εNd end members of the deepest North and South Atlantic, the nonconservative impacts on εNd as well as the possible decoupling with δ 13 C need to be better constrained. This would allow the exploration of the spatial extent of this NCW contribution in the abyssal NW Atlantic during the LGM.
